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Lithium nickel manganese cobalt oxide particles
cause developmental neurotoxicity in
Caenorhabditis elegans
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Pooja D. Lalwani, Sasha N. Bacot, Avner Vengosh and Joel N. Meyer*

Lithium is increasingly used in rechargeable batteries for mobile devices, electric vehicles, and energy
storage, among other applications. One of the common formulations of lithium batteries is lithium nickel
manganese cobalt oxide (LINMC) particles. Increasing utilization of LINMC batteries would require
adequate disposal and/or recycling, and yet the potential disposal of lithium batteries as waste either in
or outside of landfills might lead to toxic effects to people and wildlife. However, understanding of the
potential toxicity of LINMC particles is limited. Based on previous literature investigating the mechanisms
of toxicity of the constituent metals, as well as lithium cobalt oxide (LCO) nanoparticles, we
hypothesized that LINMCs would cause toxicity via mitochondrial impairment and oxidative stress. We
further hypothesized that LINMC toxicity would be exacerbated by knockdown of frh-1 and gas-1,
Caenorhabditis elegans orthologs of human mitochondrial disease genes frataxin and NDUFS2. Finally,
we predicted that LINMC exposure would cause developmental neurotoxicity. We tested these
predictions by carrying out LINMC exposures, and found these did not significantly impact the redox
state, steady-state ATP levels, mitochondrial:nuclear DNA ratio, or oxygen consumption in worms
exposed developmentally to amounts of LINMC that caused mild growth inhibition. We discuss possible
reasons for the difference between our results and previous publications, including particle size.
Furthermore, while knockdown of frh-1 and gas-1 altered several parameters, knockdown of these
genes did not increase or decrease the effects of LINMCs. However, we did find that exposure to LINMC
caused degeneration of dopaminergic, cholinergic, glutamatergic, and GABAergic neurons, but not
serotonergic neurons or glial cells. Interestingly, it appears that the developmental neurotoxicity was
driven either by a particle-specific effect, or a component other than lithium, because exposure to
lithium chloride at the same concentration had no effect.

LiNMC particles are prevalent in rechargeable batteries widely used in electric vehicles and other electronic devices. There is very limited recycling of these
materials, and concern exists for human and ecological health impacts after disposal. A particular concern is developmental neurotoxicity, because many of the

individual elements present in LINMCs are developmental neurotoxicants, but there is little literature on the developmental neurotoxicity posed by LINMCs. We

evaluated the effects of developmental exposure to LINMC particles on developmental neurotoxicity and mitochondrial function in C. elegans. The most striking

effects that we observed were that parental exposure to LINMC particles leads to developmental neurotoxicity of dopaminergic, glutamatergic, cholinergic, and

GABAergic neurons in offspring.

1 Introduction

recent years, lithium has been increasingly utilized through
mixing with transition metals, including manganese (Mn),

Lithium (Li) is commonly and increasingly used in batteries in
electrical vehicles," energy storage, and other electronics,
because it can store a large amount of energy per unit weight,
improving the battery's ability to store and deliver energy.” In
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cobalt (Co), and nickel (Ni), in the cathode of the battery,
creating lithium cobalt oxide (LCO) and, more recently, LINMC
batteries. This metal mixture creates a high energy density
cathode, resulting in an efficient battery.® Along with these
benefits, there is concern that production and use of lithium-
containing batteries may affect human and environmental
health. Lithium mining and battery production can cause
significant lithium release into the environment, and release
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also occurs during LINMC battery use and recycling.*” However,
few lithium batteries are in fact recycled (~5% in 2020 (ref. 8)),
and batteries can pollute the environment through leaching
into soil and groundwater after disposal in landfills or else-
where (Fig. 1A). Upon disposal to the environment, leachates
originating from weathering of disposed LiNMC battery can
carry heavy metals in particulate form® with documented eco-
toxicity." They can also contribute to fires that may result in
formation and distribution of airborne particles; about 25% of
total landfill fires in the UK in 2017-2018 were due to discarded
lithium batteries. Such fires produce smoke containing many
toxic components® that are detrimental to human health.

The toxicities of the individual metal components of LINMCs
have been relatively extensively researched. Lithium is
commonly prescribed clinically for mental health, including
bipolar disorder." It has a narrow therapeutic index, however,
and excessive levels in acute or chronic exposure can cause
effects including neurotoxicity and kidney toxicity.”> There is
particular concern about developmental exposures and devel-
opmental neurotoxicity, complicating risk-benefit consider-
ations for the use of lithium in pregnancy."*'® Research into its
mechanisms of toxicity has suggested an increase of oxidative
stress'” and mitochondrial dysfunction.”® These mechanisms
have also been proposed for nickel toxicity, which can ulti-
mately lead to respiratory, cardiovascular, and kidney
effects.’! Irregular exposure to manganese, which can happen
through mining and occupational use, is strongly associated
with neurotoxicity.** Specifically, the biological manifestation of
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manganese toxicity is similar to Parkinson's disease.”® Manga-
nese in the body is concentrated in the mitochondria,* where it
is a co-factor in numerous critical enzymes involved in metab-
olism,* and toxicity has been associated with mitochondrial
dysfunction.”® Finally, chronic and high cobalt exposure can
lead to cardiac issues and thyroid complications,*® also by
affecting mitochondrial pathways and components.”” Thus,
each of the metals that compose LINMC batteries has human
health effects individually.

However, more limited research has been done specifically
on lithium-mixture particles. A body of literature on LCO
particles has led to proposed mitochondrial toxicity and
oxidative stress mechanisms of action,*®>* but fewer publica-
tions are available on LINMC toxicity. Sharan et al. supports the
generation of reactive oxygen species from LiNMC in Shewanella
oneidensis, and links them to subsequent bacterial fila-
mentation, DNA damage, and possibly DNA mutations.**
Interestingly, Mitchell et al. states that bacterial damage from
engineered nanomaterials producing reactive oxygen species
can be repaired by reductases that reduce Cys and Met residues,
SOS response, and mutS systems.** Bacteria can produce a bi-
ofilm that sequesters engineered nanomaterials to reduce
bioavailability and later toxicity, and bacteria can sequester
damaged DNA to prevent transmission to progeny. Hang et al.
reported that metal ions from LINMC decreased respiration and
growth of soil bacteria.** Exposure of Daphnia magna to LINMC
decreased survival and reproduction® in a manner that could
not be attributed to external dissolution of individual metal
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Fig.1 Experimental concentrations and design. (A) Sources of LINMC and potential introduction in the environment through landfill leaching. (B)
Concentration-response of length measured at the L4 stage of worms exposed to LINMC during development. (C) Schematic of experimental
design. One-way ANOVA with Dunnet's test, error bars are SEM, n = 3 biological replicates (100 worms per treatment), (**) p < 0.01, (***) p <

0.001.
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ions, potentially in part by inhibiting nutrient uptake. Niemuth
et al. reported that LINMCs inhibited the growth, development,
and hemoglobin production with potential disruption of iron-
sulfur cluster assembly.” Wang et al.*® found that exposure of
mice to LINMC by various routes led to systemic distribution
and, in the case of oropharyngeal aspiration, immunological
response.

Given the growing importance of the rechargeable battery
market, more research is needed into the potential toxicity of
LiNMCs. Given the literature on the toxicity of LiNMCs, LCOs,
and the individual metal constituents of these particles, we
hypothesized that exposure to LINMCs would cause mitochon-
drial dysfunction, redox stress, and neurotoxicity. We tested
these hypotheses by directly measuring these parameters in the
nematode worm Caenorhabditis elegans, as well as by testing the
effects of LINMCs after knockdown of fif-1 and gas-1, orthologs
of two human mitochondrial disease genes, frataxin and
NDUFS2. frh-1 is important for iron-sulfur cluster assembly,
such that its knockdown should affect the same pathway
described by Niemuth et al.,** while gas-1 is a critical compo-
nent of Complex I of the mitochondrial electron transport
chain. gas-1 and frh-1 mutant worms are oxidative stress-
3738 and bioenergetically challenged,**** again sug-
gesting that worms with knockdown of these genes should be
sensitive to LINMC exposure if LINMCs cause oxidative stress
and mitochondrial dysfunction. The RNAi knockdown experi-
ments were performed both to gain additional mechanistic
insight (i.e., would knockdown make the worms more sensitive
to LiNMCs) and to provide insight into whether humans with
mutations in these genes might be more sensitive to LINMC
toxicity.

In this study, we used C. elegans to test the hypotheses that
exposure to LINMCs (<500 nm diameter) would lead to mito-
chondrial dysfunction, redox stress, and neurotoxicity. C. ele-
gans is an established model for human and environmental
toxicology,** nanomaterial toxicity,*” mitochondrial toxicity,*
and neurotoxicity.* Given the concerns about potential devel-
opmental neurotoxicity of lithium and literature demonstrating
LINMC effects on growth, we carried out exposures during
development. However, intentionally chose exposure
concentrations that led to only mild effects on growth, so that
our mechanistic interpretations would not be confounded by
generalized organismal toxicity. We did not find support for the
hypothesis that LINMCs would cause redox stress or bioener-
getic alterations at the whole-organism level, but did find
evidence of developmental neurotoxicity that could not be
attributed to the lithium content of the LiNMCs. Finally,
knockdown of frh-1 and gas-1 did not increase sensitivity to
LiNMCs. The data obtained in this study furthers the body of
knowledge on adverse effects and mechanism of toxicity of
LINMC particles, prevalent in rechargeable batteries widely
found in electronic devices. Multiple elements that constitute
LINMC have been described to be developmental neuro-
toxicants, highlighting the importance of evaluating the
potential effects of these chemicals on mitochondrial functions
and neurodegeneration. Our findings in the simple model
organism C. elegans should be motivation for additional
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research aimed at understanding whether environmental
LINMC exposure could contribute to developmental neurotox-
icity and impact human and ecological health.”

2 Materials and methods

2.1. C. elegans strains and maintenance

C. elegans strains N, (Bristol wildtype), JV2 (jrIs2[rpl-17p::Grx1-
roGFP2 + unc-119(+)]), PE255 (fels5[sur-5p:luciferase::GFP +
rol-6(su1006)] X), BY200 (vtlsi[pdat-1::GFP]), DA1240 (adIs1240
[eat-4::sGFP + lin-15(+)]), LX929 (vsIs48[unc-17::GFP]), CZ1632
(juls76[unc-25p::GFP + lin-15(+)]), GR1366 (mgls42[tph-1::GFP +
rol-6(su1006)]), and VT1485 (mals188[mir-228p::GFP + unc-119])
were maintained at 20 °C on K-agar plates** seeded with OP50 E.
coli. All strains were obtained from the Caenorhabditis Genetics
Center, which is funded by NIH Office of Research Infrastruc-
ture Programs (P400D010440).

2.2. Exposure to LINMC and RNAi on plates

The experiment preparations began by creating nematode
growth medium (NGM) agar plates to be seeded with HTT15
(DE3) L4440 empty vector (negative control, control).*® The
NGM protocol was modified to include 10 mL of Nystatin
(Fisher Scientific) solution (12.5 mg Nystatin in 10 mL ethanol)
and 2 mL cholesterol in ethanol at 10 mg per mL per 2 L of Milli-
Q Water System filtered water. The liquid feeding culture was
prepared following the published protocol*” except for 10 g of
NaCl instead of 5 g, and 20 g of Difco Agar Bacteriological
(Fisher Scientific) instead of 15 g per L of water were used for the
LB agar. LB broth was also made according to the published
protocol*® except for using 10 g of NaCl instead of 5 g and
without including 1 M NaOH in the solution. After 20 hours
bacterial incubation period in Incu-Shaker 10 L, at 37 °C and
200 rpm, NGM feeding plates were seeded with 300 pL of HT115
culture.

For LiNij 33Mny 33C00 330, (LINMC; Sigma 761001; particle
size <500 nm; 346417-97-8; purity >98%) and RNAi co-exposure,
NGM with carbenicillin disodium (Sigma-Aldrich) and iso-
propyl-p-p-1-thiogalactopyranoside ~ (IPTG,  Sigma-Aldrich)
concentrations of 100 ug mL™' and 0.5 mM, respectively were
created.*® In this composition of LiNMC, Ni, Mn, and Co are
present in equal amounts as Ni = 33%, Mn = 33%, and Co =
33%.

NGM plates were seeded and spiked with RNAi liquid culture
and LINMC at the same time. The distinct RNAi liquid cultures
were for HTT15 (DE3) L4440 control, HTT15 (DE3) L4440 with
Jfrh-1 sequence (Horizon Discovery), HTT15 (DE3) L4440 with
gas-1 sequence (Horizon Discovery), and HTT15 (DE3) L4440
with unc-22 sequence for RNAi. The RNAi liquid culture with
ampicillin at 100 pg mL~" was reared according to published
protocol.*® After 20 hours incubation period, as previously
described, the RNAI liquid stock was centrifuged at 3000 RCF
for 10 minutes. After centrifugation, half of the supernatant was
removed to double the bacterial concentration. The LiNMC
suspension concentrations were created using Milli-Q Water
System filtered water at 64 mM and 16 mM. Sonicated with
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Q500 Sonicator (Qsonica) followed with total sonication time of
20 minutes with amplitude of 25% and on and off pulses of 10
seconds.

After sonication, plates were immediately seeded with 150 pL
of each concentrated liquid RNAi bacterial culture and 150 puL of
LiNMC. The bacterial liquid culture in the NGM plate diluted
the LINMC concentrations to 32 mM and 8 mM. There were 9
treatments in ATP, redox state, OCR experiments: control 0 mM,
control 8 mM, control 32 mM, frh-1 RNAi 0 mM, frh-1 RNAi
8 mM, frh-1 RNAi 32 mM, gas-1 RNAi 0 mM, gas-1 RNAi 8 mM,
and gas-1 RNAi 32 mM. NMG plates were seeded with unc-22 KD
liquid bacteria and LiNMC as a visual confirmation of RNAi
effectiveness. Plates were left at room temperature for 48 hours
for bacterial lawn growth.

Regarding exposure generations, adult populations from
distinct worm strains (either JV2, PE255, or N2) raised in HT115
control NGM plates were bleached, and eggs were overnight
synchronized for 16 hours to get L1s* with the following
modifications: use of K medium and K" buffers and centrifu-
gation at 2200 RCF. Also, the bleaching solution contained
10 mL of sodium hypochlorite solution (Sigma-Aldrich), five
pellets of sodium hydroxide (Macron Fine Chemicals), and
approximately 40 mL of Milli-Q Water System filtered water. To
avoid starvation, adult Control and fri-1 RNAi populations were
transferred to new NGM HT115 plates and 24 hours after they
were bleached and overnight synchronized. After overnight
synchronization, worms were plated for a joint 48 hours expo-
sure for control (no LiNMC) and frh-1 RNAi and 72 hours
exposure for gas-1 RNAI treatments.

After the end of exposure, worms were analyzed for ATP,
redox state, and OCR. Approximately 1800 worms were analyzed
for each treatment per ATP biological replicate. Approximately
4000 worms per treatment were analyzed for redox state per
biological replicate. Approximately 100-150 worms were
analyzed for OCR per treatment and per biological replicate.
Worms analyzed for ATP, redox state, and OCR experiments
were also analyzed for differences in length resulting from the
RNAi and LiNMC co-exposure.

2.3. Exposure to lithium compounds in liquid

N2 worm populations were raised in OP50 K Agar plates and
when adult, bleached and their offspring were overnight
synchronized, as described in previous section.*” Worms were
then transferred to a 24-well plate and exposed for 48 hours to
250 uL per well of lithium chloride (LiCl; Sigma L9650; 7447-41-
8; purity =99%), lithium acetate dihydrate (LiAc; Sigma L6883;
6108-17-4; reagent grade), and LiINMC. The exposure concen-
trations for LiCl and LiAc were 0 uM, 250 uM, 500 pM, 1250 uM,
2500 pM, 5000 pM, and 10 000 uM. Exposure concentrations for
LINMC were 0 pM, 250 uM, 500 pM, 1000 pM, 1500 pM, 2000
uM, 4000 uM. Worms were provided with 100 uL per well of
inactivated UVRA bacteria as a food source. ~150 worms per
well were exposed to the various lithium concentrations (1 well
per lithium concentration). Once exposure initiated, the 24-well
plates were placed on a shaking incubator at 20 °C. After the 48
hours lithium exposure, worms were analyzed for length. Three
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biological replicates were performed for LiCl and LiAc and two
were done for LINMC experiments.

2.4. Quantification of neurodegeneration

Worms were age-synchronized by treating a mixed adult pop-
ulation with sodium hypochlorite to dissolve the bodies of
gravid adults and obtain their fertilized embryos as previously
described.*® These embryos were transferred to K* medium and
allowed to hatch overnight. L1 larval stage worms were collected
the next day and transferred to NGM plates seeded with HT115
E. coli and left for 48 hours to reach their L4 larval stage. These
worms were transferred to new NGM plates containing HT115 E.
coli and either 0, 8, or 32 mM LiNMC. After 24 hours, this parent
population was collected by transferring the well content to
a 15 mL conical tube. The volume was raised to 15 mL with K-
medium. After allowing worms to settle for 5 minutes, the
supernatant was vacuumed, and this washing step was repeated
two more times. Worms were then suspended in 5 mL of K-
medium containing final concentrations of 0.4 N sodium
hydroxide and 20% v/v sodium hypochlorite to recover their
embryos. These were transferred to NGM plates with HT115 E.
coli for 52-54 hours to allow them to reach the L4 stage. At this
point, L4 worms were washed three times and transferred to
a 2% agarose pad on a glass slide. Z-stacks were acquired for
individual worms' heads on a Keyence BZ-X710 microscope
equipped with a Keyence BZ-X700E light-source and using
a Nixon 40x (air) objective with 200 milliseconds of exposure
with the ‘high-sensitivity’ option selected. Maximum projec-
tions of the Z-stacks were generated, and each dendrite of the
cephalic neurons was scored with scoring systems as previously
described.**** Briefly, for dopaminergic neurons: 0 - no
damage, 1 - irregular (curves), 2 - less than 5 blebs, 3 - 5 to 10
blebs, 4 — more than 10 blebs and/or breaks, 5 - breaks, 25 to
75% dendrite loss, and 6 — breaks, more than 75% dendrite loss.
0 - no damage, 1 - irregular (curves), 2 — 1 to 10 blebs, and 3 -
more than 10 blebs and/or presence of breaks; for cholinergic
neurons: 0 - no damage, 1 - irregular (curves), 2 - 1 to 10 blebs,
and 3 - more than 10 blebs and/or presence of breaks; for
glutamatergic neurons: 0 - no damage, 1 - 1 to 5 blebs, 2 - 6 to
10 blebs, and 3 - more than 10 blebs and/or presence of breaks;
and for serotonergic neurons, GABAergic neurons and glial
cells: 0 - no damage, and 1 - any type of damage. Statistical
analysis was performed using the chi-squared test with Bon-
ferroni correction of p values.

2.5. Determining working concentrations

A mixed adult worm population of strain N, was treated with
sodium hypochlorite to recover the progeny and generate an
age-synchronized population by overnight hatching as previ-
ously described. After 16 hours, L1 worms were transferred to
NGM plates with HT115 E. coli containing approximately 100 L1
worms and either 0, 8, 16, 32, 48, or 64 mM LiNMC. After 48
hours, worms were collected and transferred to unseeded K-
agar plates.”” Plates containing worms were imaged using
a Keyence BZ-X710 microscope using a Nikon 4x objective.
Images were analyzed using the WormSizer add-in in Image] to

© 2025 The Author(s). Published by the Royal Society of Chemistry
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determine individual worm length of a minimum of 50 indi-
viduals.*> Regression analysis to determine EC;, values for
length was performed using MS Excel 365.

2.6. Quantification of chemical uptake

Frozen worms were freeze dried for 3 hours then transferred to
7 mL Savillex PFA screw top vials. Each sample was digested
with 1 mL HNO; and 1 mL H,0, (both Fisher Optima grade) on
a hot plate at 115 °C for 12 hours. The digestion solution was
then dried down at 100 °C and then redissolved with 0.5 mL
HNOj, 0.5 mL H,0,, and 1 mL deionized water (>18.0 MQ cm ™)
at 115 °C for 6 hours. Trace elements in each solution were
measured on an inductively coupled plasma mass spectrometer
(ICP-MS, Thermo Fisher X-Series II), equipped with a collision/
reaction cell and calibrated with NIST 1643e.

2.7. Quantification of redox state

Measuring roGFP (estimation of the GSSG/2GSH ratio) relied on
loading worms into a 96-well white plate. There were four
technical replicates per each of the nine treatments per bio-
logical replicate. There were approximately 1000 worms per
technical replicate for all treatments in 100 uL of K-medium.
The 96-well plate was inserted into the FLUOstar Optima
(BMG LabTech) plate reader. Fluorescence was measured for
two channels with gain adjustments. The first one had an
excitation filter of 400-10 nm, representing oxidized GFP, and
an emission filter of 520 nm. The second channel had an exci-
tation filter of 485/12 nm, representing reduced GFP, and an
emission filter of 520 nm. The fluorescence was measured, and
the corrected oxidized GFP fluorescence over the corrected
reduced GFP fluorescence was used to estimate glutathione
redox change. The corrected oxidized and reduced GFP fluo-
rescence was calculated by subtracting the fluorescence of
blank wells containing K medium from the fluorescence of the
well with worms.

2.8. Quantification of ATP

Measuring ATP relied on loading worms in a 96-well white plate.
Each treatment per biological replicate had six technical repli-
cate wells with approximately 300 worms per well in 100 pL of K-
medium. After all the worms were loaded in the white plate,
luminescence buffer solution was made in a 15 mL conical tube
with 5.54 mL of 0.2 M dibasic sodium phosphate (Na,HPO,),
2.46 mL of 0.1 M citric acid, 80 uL of dimethyl sulfoxide (DMSO,
Sigma-Aldrich) (100%), 80 pL 5% Triton-X 100, and 80 uL
10 mM p-luciferin salt (in water). This luminescence buffer is
required for measuring the luminescence of the PE255 strain.
The 96-well plate was inserted into the FLUOstar Optima (BMG
LabTech) plate reader and follow ATP reading protocol
according to Luz et al..* Updates to Luz et al. (2016) were using
K medium for blank wells. Corrected luminescence over GFP
fluorescence factor was used as the in vivo measurement of ATP
for the PE255 reporter strain. Corrected luminescence was
derived by subtracting the average luminescence of blank K-
Med wells from the treatment luminescence. The GFP fluores-
cence factor was derived by dividing the corrected GFP

© 2025 The Author(s). Published by the Royal Society of Chemistry
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fluorescence per treatment well over the average corrected GFP
fluorescence per treatment. The corrected GFP fluorescence was
derived by subtracting the average GFP fluorescence of blank K-
medium wells from the treatment GFP fluorescence.

2.9. Quantification of length

After measuring ATP, redox state, and oxygen consumption rate,
reporter strain subpopulation, worms were imaged for length.
At the end of LiCl, LiAc, and LiNMC's liquid exposures, worms
were also imaged for length. Worms were placed in the BZ-X710
(Keyence) fluorescent microscope, and the BZ-X Viewer software
for imaging was launched. The objective size chosen was 4x.
Length was measured for the experiments' biological replicates
mentioned in previous sections.

Image] was used to determine the size of each worm. Within
Image], a plugin named WormsSizer (version 1.2.5) was used to
determine the worm length.

2.10. Oxygen consumption rate measurements

We used a Seahorse XFe96 Extracellular Flux Analyzer (Agilent)
to quantify oxygen consumption rate (OCR) in worms following
published protocols.> Briefly, worms exposed to LINMC and
grown on frh-1 or gas-1 RNAI plates were transferred to a Sea-
horse microplate at a concentration of 20 worms per well. Basal
oxygen consumption rate (OCR) measurements are taken before
injection of either 25 puM final concentration of carbonyl
cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP) to
measure maximal oxygen consumption or 20 pM final concen-
tration of N,N-dicyclohexylcarbodiimide (DCCD), to determine
ATP-linked respiration. After the injection of either FCCP or
DCCD, 14 measurements were performed before a final injec-
tion of 10 mM final concentration of sodium azide to inhibit
mitochondrial respiration and determine the non-
mitochondrial OCR. Final parameters calculated include basal
mitochondrial OCR, maximal OCR, spare capacity, ATP-linked
respiration, proton leak, and non-mitochondrial OCR. Sea-
horse experiments included 5 wells per treatment group (tech-
nical replicates) and 3 biological replicates. Seahorse
experiments were normalized to worm volume, determined by
imaging a subset (n > 50 worms) per group using the Image]J
plugin WormSizer,”> to mitochondrial DNA (mtDNA) copy
number, and to the ratio of mitochondrial DNA copy number to
nuclear DNA copy number, determined as described in the
following section.

2.11. Mitochondrial and nuclear copy number

6 L4 worms exposed to LINMC and grown on frh-1 or gas-1 RNAI
plates were picked into 90 pL of worm lysis buffer (25 mM tri-
cine, pH 8; 80 mM potassium acetate; 11% w/v glycerol; 2.25% v/
v DMSO, 1 mg mL ™" proteinase K in nuclease-free water), and
stored at —80 °C. Samples were lysed at 65 °C for 1 hour, fol-
lowed by proteinase K inactivation for 15 minutes at 95 °C, with
the resulting lysate used as a template in real-time PCR exper-
iments as previously described.* Briefly, Power Sybr Green PCR
Master Mix (ThermoFisher Scientific) was used with 2 pL of
lysate for the template. CT values were converted to copy
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number using a standard curve with the pCR 2.1 plasmid con-
taining the species-specific mitochondrial nduo-1 gene frag-
ment for mtDNA or the cox-4 gene fragment for nuclear DNA.
Copy number was then calculated per worm. PCR was run in 3
technical replicates and 3 biological replicates.

2.12. Survival after rotenone

After age-synchronization following the steps described in the
previous sections, worms were transferred to NGM plates con-
taining either HT115 with empty vector or unc-22 RNAI vector
and grown at 20 °C until reaching the L4 larval stage. At this
point, worms were transferred to fresh plates containing the
same type of RNAi and a final concentration of 25 mM rotenone
(calculated based on the volume of agar in the plate). Worms
were scored for survival after 24 and 48 hours. A worm was
considered dead if it did not respond to light prodding with
a small aluminum wire mounted on a pick. Worms that showed
bagging or that crawled out of the agar were censored.

2.13. Statistical analysis

MATLAB R2023a (MATLAB 9.14) was used for all statistical
testing and graph generation. Statistical tests and sample size
are described in their corresponding figure legends.

3 Results and discussion

3.1. Assessment of the effects of lithium compounds on
growth of C. elegans

To identify concentrations of LINMC that would have relatively
mild organism-level effects such that our mechanistic studies
would be unlikely to be confounded by non-specific side effects
of generalized toxicity, we exposed worms to increasing
concentrations of LINMC during development. We found
a statistically significant difference in average length of worms
exposed to 32 mM LiNMC and higher. We selected concentra-
tions leading to a reduction of 5 and 10% in length, using an
ECs of 8 mM and EC,, of 32 mM (Fig. 1B). We also tested the
effects of lithium chloride, lithium acetate, and LiNMC in liquid
culture. After 48 hours of liquid exposure, the average length
was significantly different from the control only for the highest
concentration tested of 10 mM lithium chloride and 10 mM
lithium acetate, with no differences observed for LINMC up to
4 mM (Fig. S1). For subsequent experiments, we focused on
plate exposures instead of liquid exposures to minimize
complications with uptake associated with clumping of LINMCs
in liquid culture and to facilitate RNAi experiments.

3.2. Chemical uptake of lithium, nickel, manganese, and
cobalt in C. elegans

To compare effects in C. elegans to other species including
humans, it is critical to measure internal concentrations,
because internal concentrations are often much different than
growth medium concentrations in C. elegans.’® We therefore
quantified the uptake of the components of LINMC in wildtype
(N,) worms without gene knockdown, and in worms in which
frh-1 and gas-1 were knocked down using RNA interference
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(Fig. 1C). As described in the Introduction, these strains were
used both to gain mechanistic insight and to provide evidence
about whether mutations in these genes could lead to greater
LiNMC toxicity, which could be an important gene x environ-
ment interaction.

We analyzed each of these components separately and found
significantly increased internal concentrations of lithium,
nickel, manganese, and cobalt with increased LINMC exposure
concentration (Fig. 2A-D), as demonstrated by statistically
significant main effects of LINMC exposure for all four of the
chemicals analyzed (Fig. 2E). We did not observe differences in
concentrations of other elements that were analyzed, but report
concentrations of sodium, magnesium, aluminum, phos-
phorus, potassium, calcium, iron, copper, selenium, and
molybdenum, because we are aware of only limited reporting on
elemental concentrations in C. elegans (Table S1). Concentra-
tions were ~19-100-fold lower inside the worms than the target
medium concentrations. However, RNAi knockdown did not
affect metal content either across exposures (p > 0.168) or at
specific exposures (p > 0.275) (Fig. 2E). People with lithium
intoxication have been reported to show serum lithium levels
over 1.2 mM,” similar to the maximum concentration we
measured of 1.16 mM (Fig. 2A). Minor side-effects of lithium
used in bipolar disorder patients have been reported in the 0.6
1.2 mM range, within the internal concentration range we
measured. Hemodialysis treatment was necessary in patients
with lithium poisoning with serum concentrations in the 1.4-
9.6 mM range,”® again just over the maximum concentration
observed in this work. Nickel exposure in residents living close
to a cement factory were quantified, with the subject group
reporting dermatitis and nickel contents in blood between 3.2-
18.0 ug L~ ! with an average of 7.8 pg L™ '.** Another study was
performed with workers at an electroplating plant who acci-
dentally ingested nickel sulfate and chloride and who reported
multiple symptoms of toxicity.®® Their serum nickel levels were
in the 12.8-1340 pg L™ " range with average 286 ug L™". In this
case, these nickel concentrations leading to toxicity in humans
are comparable or lower than the 80.2-26 594 ug L™ range we
measured in worms (Fig. 2B). Death after ingestion of a cylin-
drical battery was associated with manganese toxicity with
concentrations of 75 ug L™ " in peripheral blood and 38 ug L™ " in
cardiac blood.** Reports of chronic exposure to manganese in
drinking water leading to manganese poisoning symptoms were
quantified in the 17.4-38.2 pg L™ " (ref. 62) and 3.6-2300 pg L™ "
(ref. 63) ranges. In contrast, worms exposed to LINMC showed
manganese concentrations between 4965-88400 pg L7
(Fig. 2C), which are three to four orders of magnitude higher
than those reported for manganese poisoning in humans.
However, previous reports on the effects of manganese exposure
in C. elegans found deficits in lifespan, development, and
reproduction after 48 hours exposure to 4473-11 928 pg L™ ;*
and decreased oxygen consumption and decreased survival
after exposure to 1790 and 2684 pug L' respectively.®® Inter-
esting, the internal Mn concentration that we measured is
nearly identical to that reported in another C. elegans paper,
6.8 mM (Fig. 5, assuming a worm volume of 2200 pL), at their
highest exposure concentration of 150 mM.* Finally, tests

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Chemical uptake of LINMC. Internal concentrations in C. elegans of (A) lithium, (B) nickel, (C) manganese, and (D) cobalt in worms that
were exposed to 0, 8, or 32 mM LINMC, and EV, frh-1, or gas-1 RNAi bacteria. Cobalt was not detected in unexposed worms. (E) Summary of the
main effect and interaction p-value terms for RNAi and LINMC concentration effects on chemical uptake in worms. Two-way ANOVA with
Tukey-HSD test, n = 5 biological replicates (1050-2400 worms per treatment), asterisks in panels (A-D) indicate (*) p < 0.05 or (***) p < 0.001.

performed on metal workers determined cobalt blood levels of
5.7-7.9 ug L™ and 59-78 ug L ™" in urine,” while a study where
human volunteers ingested 1 mg per day cobalt for 90 days led
to concentrations in blood of 6-117 pg L™ "*® with neither study
reporting health effects in their subjects. Our internal concen-
trations were higher by three to four orders of magnitude at
1248-46 060 pug L' of cobalt (Fig. 2D). These results indicate
that although the concentrations of lithium we measured were
lower than those considered harmful to humans, this was not
the case for all three of the other chemicals present in LINMC.
With this consideration we proceeded to evaluate the effects of
LiNMC exposure on indicators of mitochondrial health.

© 2025 The Author(s). Published by the Royal Society of Chemistry

3.3. Redox state and ATP are not altered after exposure to
LiNMC

Two-way ANOVA showed that there was a statistically significant
effect of RNAIi on the average length of the redox state reporter
strain JV2 (p = 0.032 for main effect of RNAi) and a statistically
significant decrease in average length with increasing LiNMC
concentration (p < 0.001) (Fig. 3A). Size data is shown normal-
ized to control conditions, because RNAi affected growth; non-
normalized data are presented in SI Fig. 2. However, the effects
of LINMC on growth did not vary with RNAi treatment (inter-
action p = 0.24). For the control RNAi group, the 8 mM and
32 mM LiNMC treatments were significantly lower than the
0 mM treatment. For the fih-1 RNAi group, only the 32 mM
LINMC treatment was significantly lower than the 0 mM
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Fig. 3 LiINMC exposure does not affect redox state or steady-state ATP levels in wild-type worms or after gas-1 or frh-1 knockdown. (A) JV2
length normalized to 0 mM LINMC (B) redox state ratio (oxidized : reduced roGFP). (C) PE255 normalized length to 0 mM LINMC. (D) ATP in
percentage of control. (E) Summary of the main effects of RNAi and LINMC concentration in chemical uptake in worms. Two-way ANOVA with
Tukey-HSD test, n = 3 biological replicates for roGFP and Perceval quantification (12-18 technical replicates per 3 biological replicates, 300-
1000 worms per technical replicate), n = 3 biological replicates for length determination (100 worms per treatment), error bars are SEM, (*¥*) p <

0.01, (***) p < 0.001.

treatment. For the gas-1 RNAi group, both the 8 mM and 32 mM
LINMC treatments were significantly lower than the 0 mM
treatment. Interestingly, knockdown of neither gas-1 nor frh-1
sensitized to LINMC treatment. In fact, while not statistically
significant based on the interaction term, if anything, the frh-1
RNAi knockdown was protective in the context of LiNMC
exposure.

RNAI treatment had an effect on the redox state as assessed
by the roGFP reporter in JV2 worms (p = 0.001 main effect), but
LiNMC concentration had none (p = 0.603) (Fig. 3B). Further,
the effect of RNAi treatment did not depend on the lithium
concentration (p = 0.998 for interaction). Overall, gas-1 RNAi
presented a more-oxidized redox state compared to fri-1 RNAi,
and control worms (empty vector-fed). A caveat to this result is
that the gas-7 worms were slightly more developed than the frh-1

1774 | Environ. Sci: Adv., 2025, 4, 1767-1781

and empty vector worms: gas-I worms develop more slowly
(about 12 hours delay at 48 hours post-hatch), and were allowed
an additional 24 hours, such that they were about 12 hours
“older” than control and frh-1.

The ATP reporter strain was somewhat more resistant to
growth inhibition by both RNAi (p = 0.818) and LiNMC
concentration (p = 0.629) (Fig. 3C and S2). There was no
interaction between RNAi and LiNMC exposure (p = 0.992).
Similarly, neither RNAi nor LINMC had an effect on steady-state
ATP levels normalized to percent of lithium control (RNAi
treatment main effect p = 0.305, LINMC main effect p = 0.655;
interaction term p = 0.48) (Fig. 3D and S3).

The main finding from these experiments was that LINMC
did not significantly affect redox state or steady-state ATP levels
at concentrations that resulted in mild growth inhibition. A

© 2025 The Author(s). Published by the Royal Society of Chemistry
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secondary finding was that this was also true in the context of
knockdown of frh-1 and gas-1, and these knockdowns further-
more did not sensitize worms to growth inhibition by LINMC. If
LiNMC were causing toxicity by affecting mitochondrial bioen-
ergetics or redox stress, we would expect that knockdown of
these genes would sensitize worms to LINMC exposure.

3.4. Exposure to LINMC does not significantly alter oxygen
consumption rate or mitochondrial DNA copy number

We considered the possibility that ATP levels in LINMC-exposed
worms might be sustained by increased non-mitochondrial
energy production (ie., glycolysis), reduced energy expendi-
ture, or other adaptive responses that could mask mitochon-
drial dysfunction as assessed by steady-state ATP levels. We
therefore carried out a more detailed analysis of mitochondrial
respiration as assessed by oxygen consumption without and
with a variety of drugs that permit isolation of different aspects
of mitochondrial function.* Oxygen consumption is a neces-
sary part of the mitochondrial oxidative phosphorylation
process, and dysfunction of aerobic mitochondrial bioenergetic
processes can be assessed as changes in mitochondrial oxygen
consumption rates in C. elegans.**

We found no effect of LINMC on basal OCR (p = 0.750), but
there was an effect of the RNAi being fed to the worms, with
lower basal OCR regardless of LINMC treatment in gas-1 worms
(p = 0.021) (Fig. 4A and H). Maximal OCR is quantified after
uncoupling mitochondria causing mitochondria to consume
oxygen at a maximal rate. We observed similar results to basal
OCR with no effect from LINMC concentration (p = 0.236) but
an effect from RNAi (p < 0.001) (Fig. 4B and H). Spare capacity
indicates the difference between maximal and basal OCR, and it
shows the same effect of RNAi (p < 0.001) with no effect from
LiNMC exposure (p = 0.370) but decreased spare capacity in gas-
1 worms (Fig. 4C and H). Mitochondrial basal OCR indicates the
rate of oxygen consumed to convert ADP to ATP plus compen-
sate for proton leak. We found this to follow the same pattern of
a significant effect from RNAi feeding (p = 0.002) but not from
LINMC (p = 0.883) (Fig. 4D and H). Proton leak reflects the
oxygen consumption in mitochondria after ATP synthase is
blocked. Neither RNAi (p = 0.114) nor LiNMC (p = 0.214) had
a significant effect on proton leak (Fig. 4E and H). Finally, non-
mitochondrial OCR is associated with cellular processes outside
of the electron transport chain that consume oxygen. RNAIi type
had a significant effect on non-mitochondrial OCR (p = 0.005),
in this case being increased in gas-1 worms, but LINMC
concentration did not have an effect (p = 0.288) (Fig. 4F and H).
We quantified all of these oxygen consumption rates with two
additional normalization approaches (Fig. S4). We found that
normalization to mitochondrial DNA copy number (Fig. S4A-F)
and the ratio of mitochondrial DNA copy number to nuclear
DNA copy number (Fig. S4G-L) show the same trends described
in this section. Although there were no significant effects of
LINMC concentration in the various types of OCR measured,
there were significant effects of the type of RNAi fed to the
worms. This expected given the fact that gas-1 worms carry

© 2025 The Author(s). Published by the Royal Society of Chemistry
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a defect in electron transport chain Complex I protein NDUFS2,
and exhibit altered mitochondrial metabolism.”

Another potential indicator of mitochondrial health is
mitochondrial DNA copy number. Environmental exposures
can alter mtDNA copy number,”*”* although not necessarily in
a monotonic fashion.” We used a PCR based method to
quantify the number of copies of both mitochondrial and
nuclear DNA.*>”* We found that neither LINMC concentration (p
= 0.615) nor RNAi type (p = 0.214) had a significant effect on the
ratio of mtDNA to nDNA copy number (Fig. 4G and I). We
observed the same lack of effect of LINMC exposure on mtDNA
copy number (Fig. S5A), nDNA copy number (Fig. S5B), or
mtDNA copy number normalized to worm volume (Fig. S5C) to
account for differences in development.

Finally, we characterized bioenergetics and rotenone resis-
tance in worms fed unc-22 RNAi (that were used for visual
confirmation of the success of the RNAi protocol). We detected
no differences in any oxygen consumption rate parameters,
steady-state ATP, or mtDNA : nDNA ratio, but did find that unc-
22 knockdown resulted in a dramatic sensitization to rotenone
(Fig. S6).

3.5. Parental exposure to LINMC caused neuronal type-
specific degeneration

All our assessments up to this point were at the whole-organism
level. We next considered that there might be cell type-specific
effects. Impaired mitochondrial function is strongly associ-
ated with neurodegeneration and neurons are considered to be
particularly sensitive to mitochondrial dysfunction,” which led
us to test for sensitivity of different neuronal populations to
degeneration. We quantified neurodegeneration in multiple
neuronal types (defined by neurotransmitter): dopaminergic,
glutamatergic, cholinergic, GABAergic, and serotonergic, as well
as glial cells, after parental exposure to LINMC. Based on the
concern for lithium exposure via exposure during pregnancy, we
followed an approach we developed to simulate in utero expo-
sure, with neurodegeneration evaluated in the progeny gener-
ation when it reached their final larval stage and all neuronal
cells are fully formed.** For this purpose, we exposed the parent
population to LINMC for 24 hours, followed by recovering their
embryos, allowing these to reach the L4 larval stage and
imaging neurons located in their heads at this point (Fig. 5A).

We identified various types of morphological damage in
dopaminergic, glutamatergic, cholinergic, and GABAergic
neurons of progeny after LINMC parental exposure (illustrative
images in Fig. S7). We found statistically significant neurodeg-
eneration after exposure to 8 and 32 mM LiNMC in dopami-
nergic and cholinergic neurons (Fig. 5B and D). We also found
significant neurodegeneration in glutamatergic and GABAergic
neurons (Fig. 5C and E), but only for the high concentration of
32 mM LiNMC. However, serotonergic neurons and glial cells
did not exhibit significant degeneration with respect to their
controls (Fig. 5F and G).

Next, we repeated the parental exposure for those neuronal
types that we identified as affected by LINMC exposure, but this
time using lithium chloride at the same molar concentrations.
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Fig. 4 OCR and mtDNA copy number are unaltered after exposure to LINMC. Comparison of (A) basal OCR, (B) maximal OCR, (C) spare OCR
capacity, (D) mitochondrial basal OCR, (E) proton leak, and (F) non-mitochondrial respiration between groups exposed to either 0, 8, or 32 mM
LINMC, and fed empty vector (EV), frh-1 or gas-1 RNAi bacteria. (G) Mitochondrial to nuclear DNA copy number ratio comparison for all groups.
Summary of main effects of LINMC and RNAi on (H) OCR and (I) mtDNA to nDNA copy number ratio. Two-way ANOVA with Tukey-HSD; error
bars are SEM, n = 3 biological replicates (5 technical replicates per biological replicate, 20—-30 L4 worms per technical replicate).

We reasoned that if the neurodegenerative effects observed
were caused by lithium leaching from LiNMC, then we should
be able to repeat these effects. However, we did not observe
significant neurodegeneration in dopaminergic, glutamatergic,
cholinergic, or GABAergic neurons after parental exposure to
lithium chloride (Fig. 5H-K).

It may not be surprising that we did not see neuro-
developmental toxicity after lithium ion by itself. Several
previous publications report neuroprotective effects of lithium
in animal models, induction of developmental delays without
developmental neurotoxicity, and the protection of cultured
neurons from cell death induced by amyloid beta, a hallmark of

1776 | Environ. Sci.: Adv, 2025, 4, 1767-1781

Alzheimer's disease.”””® In contrast, developmental exposure to
nickel using a C. elegans model revealed significant degenera-
tion of dopaminergic, cholinergic, and GABAergic neurons,
suggested to be linked to increased oxidative stress.*® Similarly,
reports indicate that manganese causes dopaminergic
neurodegeneration in a C. elegans Parkinson's disease model,*
and in mixtures with other heavy metals.?*> However, the effect
of manganese was largely dopaminergic neuron-specific in the
study by Benedetto et al..*" This suggests that the developmental
neurotoxicity we observed in other neurons is unlikely to result
only from the manganese, although it is also conceivable that
the broader effects we saw were the result of a different exposure

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5va00103j

Open Access Article. Published on 25 September 2025. Downloaded on 1/13/2026 4:18:21 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Paper Environmental Science: Advances

A

i =
sagst = = @ | =
s - O - @ iy -
Age synchronization L4 stage OmM 8mM 32mM  Embryo recovery U
for L1 stage 48 hours 24 hours Transfer to plates Neuroimaging
Dopaminergic Glutamatergic Cholinergic
*k%k *% *kk
1.0 o1.0 1.0
£ £ £
Q0.8 Q0.8 [— Q0.8 [—
@ @ = ? =
2 2
§05 §05 =q §05 =
203 803 803
z z- z
0.0 0.0 0.0
L|NMC concentratlon (mM) LiINMC concentration (mM) LiINMC concentration (mM)
GABAergic Serotonergic Glial cells
o1.0 o1.0 o1.0
£ £ £
508 508 308
@ =0 @ == b 0
5 0.5 1 § 05 [ 1 5 05 1
3 0.3 3 0.3 2 0.3
z z z
0.0 0.0 0.0
LINMC concentratlon (mM) L|NMC concentratlon (mM) LiINMC concentratlon (mM)
Dopaminergic Glutamatergic
1.0 1.0
£ £
508 3038 =
? ® =
§05 §05 =4
803 803
z z-
0.0 0.0
8 32
LiCl concentration (mM) L|CI concentratlon (mM)
Cholinergic GABAergic
1.0 1.0
£ £
3 0.8 Q0.8
@ = @ =0
§05 =4 505 -
3 0.3 3 0.3
z z-
0.0 0.0
L|CI concentratlon (mM) LiCl concentratlon (mM)

Fig. 5 Parental exposure to LINMC causes neurodegeneration in progeny. (A) Parental (PO) worms were exposed to LINMC for 24 hours after
reaching the L4 larval stage, their progeny was recovered, and neurodegeneration in this F1 generation quantified at the L4 larval stage.
Neurodegeneration scored for neuronal types (defined by neurotransmitter) after parental exposure to LINMC: (B) dopaminergic, (C) gluta-
matergic, (D) cholinergic, (E) GABAergic, (F) serotonergic, and (G) glial cells. Neurodegeneration scored for neuronal types (defined by neuro-
transmitter) after parental exposure to lithium chloride: (H) dopaminergic, (1) glutamatergic, (J) cholinergic, and (K) GABAergic. Chi-square with
Bonferroni correction, n = 3 biological replicates (20 worms per treatment), (*) p < 0.05, (**) p < 0.01, (***) p < 0.001.

paradigm that included more of neuronal development. Cobalt acetylcholinesterase activity,** and mitochondrial dysfunction
nanoparticles exposure in C. elegans caused alterations in associated with neurodegeneration.®* This suggests that the
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observed neurodegeneration in certain types of neurons that we
observed after exposure to LINMC could be the result of expo-
sure to one or a combination of more than one of the compo-
nents of LINMC.

The factors that determine differential sensitivity of different
types of neurons are unclear. In many of the above-cited studies
and others, neurodegeneration after exposures to these metals
is attributed to an increase in oxidative stress and mitochon-
drial stress, with an increase in the response of antioxidant
pathway genes gst-4 and skn-1;*>*' generation of reactive oxygen
species with rescue enacted using the well-characterized anti-
oxidant N-acetylcysteine;** induction of mitochondrial
dysfunction by increased reactive oxygen species levels leading
to ATP reduction and mitochondrial fragmentation.** Oxidative
stress resulting from the generation of reactive oxygen species
and disruption of ROS-metabolizing enzymes caused by the
presence of some of these metallic elements®*® is often
described as the potential cause for neurodegeneration.
Different types of neurons could be more or less sensitive to
oxidative stress or mitochondrial dysfunction if they were more
vulnerable to oxidative or bioenergetic stress, or if there were
significant toxicokinetic differences resulting in different levels
of exposure. Alternatively, it is possible that it is not the indi-
vidual components, but a particle-specific effect of LINMCs that
is causative of neurodegeneration in this work. Particle-specific
effects include surface reactivity, as we discuss below, or char-
acteristics such as shape. This is supported by the influence of
the shape of ZnO particles on their neurotoxicity in a RSC96
Schwann cell model, with nanoparticles and microspheres
having significant cytotoxic effects but no significant effects
measured for prism-like and flower-like structures.?”

4 Conclusions

Our hypothesis that LINMCs would cause bioenergetic and
redox stress, at least as assessed at the whole-organism level,
were not supported by the exposure test results. A summary of
trends of the effects of LINMC exposure, broken down by RNAi
type, for assays in this article are detailed in Table 1. LINMCs
did not significantly impact the redox state, steady-state ATP
levels, mitochondrial : nuclear DNA ratio, or oxygen consump-
tion in worms exposed developmentally to amounts of LINMC
that caused mild growth inhibition. Furthermore, while
knockdown of fih-1 and gas-1 altered a number of parameters

Tablel Summary of results for the effects of LINMC in the context of
RNAI treatments using various assays

frh-1 gas-1
Endpoint measured Control RNAi RNAi RNAi
Length (redox state reporter) ! ! l
Redox state = = =
Length (ATP reporter) = = =
ATP = = =
Oxygen consumption rate (overall) = = =
mtDNA copy number = = =
Neurodegeneration i) N/A N/A
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on their own, knockdown of these genes did not increase or
decrease the effects of LINMCs. This result further suggests that
the LINMC mechanism of organismal toxicity (in particular,
growth inhibition) is something other than mitochondrial
dysfunction or redox stress, because gas-1 and frh-1 worms are
oxidative stress-sensitive®”** and bioenergetically
challenged.***

These results are intriguing, given that the literature
described in the Introduction has suggested that both the
individual components of LiNMCs and other Li-containing
particles (LCOs) cause mitochondrial dysfunction and oxida-
tive stress. This is particularly surprising in the context of
a large body of literature from the Klaper group that has
resulted in development of an adverse outcome pathway (AOP)
for LCOs**** beginning with reactive oxygen species and
including metabolic disruption. Interestingly, the Carlson
group's findings also support the proposed AOP with generation
of reactive oxygen from LiNMC exposure and include different
cascading effects like bacterial filamentation and DNA
damage.*** We do note some methodological differences that
may contribute to our different results. The Klaper team
measured direct Fe-S oxidation, which likely reports on oxida-
tive damage per se, while we measured redox state of a roGFP
protein coupled to glutathione reductase that reports largely on
the redox state of cellular glutathione. It is also possible that
there was oxidative stress in our experiments, but not at the
time that we made measurements, or in a form or level that was
not detected by our methodology, or only in certain areas.
Future rescue experiments could help clarify this.

Another potentially important possibility is that the AOP for
LCOs and the AOP for LiNMCs may simply differ in the mech-
anism of toxicity, although the authors suggest that LCO's
proposed AOP could be broadly relevant to other transition
metal oxide (TMO) LIB cathode nanomaterials,* and the Carl-
son group also reported generation of reactive oxygen species
with LINMC exposure.**** However, the LINMC we used is not
defined as a nanomaterial (1 to 100 nm), as it has an average
size of <500 nm. Nonetheless, LiNMC microparticles are
commercially relevant,®® and our work provides mechanistic
insights on their toxicity, which is beneficial since they are
widely used. We speculate that our results indicating a minor
role for oxidative stress may be explained by given that we used
larger particles, which have a significantly lower surface area:
mass ratio than nano-sized Li particles used in those studies,
and surface reactivity frequently mediates the degree to which
particles cause toxicity by oxidative stress. Nanoparticles have
a higher surface area:volume ratio and potentially greater
surface reactivity and rate of dissolution on a molar basis. They
also have a larger number of particles per equivalent mass, and
likely more potential to be taken up by C. elegans compared to
the equivalent mass of larger particles. For example, Liu et al.,
found dissolution and skin permeation of nitrofurazone in
nanoparticle-loaded gels was particle size dependent.®® These
differences could increase both the effective dose and toxic
effect of nano-sized LINMC particles in comparison to those we
used; they may also change the mechanism of toxicity. Finally,
C. elegans could have different biological responses than the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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invertebrate species studied by other researchers such that the
AOP is not the same. However, this seems relatively unlikely
because worms are also invertebrates.

Our most interesting result was significant neurodegenera-
tive effects of LINMC in dopaminergic, glutamatergic, cholin-
ergic, and GABAergic neurons. However, we could not detect
neurodegeneration when exposing worms to lithium by itself.
This, along with previous work showing neurodegeneration
from individual components of LiNMCs suggests that the
neurodegeneration is caused by one or a combination of the
other metals in the LiNMCs. That is, the neurodegeneration we
observed after LINMC exposure likely results from the nickel,
manganese, cobalt (that was present at particularly high
internal levels), or a mixture of these, potentially in a particle-
specific fashion. These results warrant further research to
determine the mechanistic pathways involved in LiNMC-
associated neurodegeneration. Notably, it is possible that
redox stress or mitochondrial dysfunction were involved in
neurodegeneration, as we did not assess these outcomes
specifically in the neurons, and neuron-specific effects would
not likely be picked up with our whole-organism assays. Efforts
should also be made to estimate current and future human
exposure to such particles, especially with usage increasing and
in the context of poorly regulated disposal or burning of LINMC
batteries, because it is currently uncertain whether the amounts
we used are (or might be in the future) environmentally
relevant.

Additional future steps include understanding the mecha-
nism of growth inhibition of the LiNMCs, assessing if the
dissolution of LINMC drives toxicity, and testing other LINMC
particle sizes to see if the mechanism depends on the LiNMC
particle size.
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